The listeriolysin gene from a weakly hemolytic but virulent strain of Listeria monocytogenes serotype 1/2a was cloned in Escherichia coli K-12. Recombinants were identified on the basis of their cross-reactivities to hyperimmune antisera raised against streptolysin 0 and listeriolysin. Low levels of hemolytic activity were detected in crude lysates of strains harboring the listeriolysin gene. In DNA hybridization studies with five DNA probes that encoded the listeriolysin gene and surrounding sequences, highly homologous listeriolysin genes were found to be present in the species L. monocytogenes, Listeria ivanovii, and Listeria seeligeri. Immunoblotting performed with affinity-purified antibody to listeriolysin allowed the detection of this protein in supernatants of all three species. This study demonstrates for the first time that listeriolysin is produced by L. seeligeri and documents the genetic homology between the various listeriolysins produced by Listeria spp. Sequences unique to the species L. monocytogenes were found to be located downstream of the listeriolysin gene. Furthermore, the restriction fragment length polymorphisms detected with probes flanking the hlyA gene may be useful epidemiological markers in identifying and distinguishing virulent Listeria strains from each other.
The listeriolysin gene from a weakly hemolytic but virulent strain of Listeria monocytogenes serotype 1/2a was cloned in Escherichia coli K-12. Recombinants were identified on the basis of their cross-reactivities to hyperimmune antisera raised against streptolysin 0 and listeriolysin. Low levels of hemolytic activity were detected in crude lysates of strains harboring the listeriolysin gene. In DNA hybridization studies with five DNA probes that encoded the listeriolysin gene and surrounding sequences, highly homologous listeriolysin genes were found to be present in the species L. monocytogenes, Listeria ivanovii, and Listeria seeligeri. Immunoblotting performed with affinity-purified antibody to listeriolysin allowed the detection of this protein in supernatants of all three species. This study demonstrates for the first time that listeriolysin is produced by L. seeligeri and documents the genetic homology between the various listeriolysins produced by Listeria spp. Sequences unique to the species L. monocytogenes were found to be located downstream of the listeriolysin gene. Furthermore, the restriction fragment length polymorphisms detected with probes flanking the hlyA gene may be useful epidemiological markers in identifying and distinguishing virulent Listeria strains from each other.
Many studies on the pathogenesis of Listeria monocytogenes have implicated the cytolytic hemolysin listeriolysin as an important virulence factor (4, 11) . All strains isolated from natural infections exhibit hemolytic activity and are virulent when tested in rodent infection models (23) . Recent experimental evidence suggests that the production of this exotoxin is essential in promoting intracellular growth of L. monocytogenes in both professional (17) and nonprofessional (7) phagocytes. Transposon insertions within the listeriolysin gene in these species render mutants avirulent and incapable of intracellular multiplication and survival in tissue culture cells (7, 8, 17, 22) . In addition, Berche et al. (1) have shown that T-cell recognition of listeriolysin is induced during infection of mice with virulent L. monocytogenes.
Biochemical purification of listeriolysin from L. monocytogenes serotype 1/2a has shown it to be a protein of 60,000 daltons with many properties common to other sulfhydrylactivated cytolysins (9) . The structural gene encoding listeriolysin from a strongly hemolytic L. monocytogenes serotype 1/2c strain has recently been cloned and sequenced (20) . Listeriolysin is a polypeptide of 529 amino acids showing strong regional homologies to streptolysin and pneumolysin 0. By using a DNA fragment internal to the coding sequence of the listeriolysin gene, Mengaud and colleagues (20) have reported the presence of the listeriolysin gene to be restricted to the species L. monocytogenes. Listeriolysin therefore appears to play a pivotal role in enabling hemolytic L. monocytogenes to survive and multiply within the susceptible host. Two other species of Listeria, Listeria ivanovii and Listeria seeligeri, are also hemolytic. While L. ivanovii is pathogenic for animals, L. seeligeri is nonpathogenic except for a single strain isolated from the cerebrospinal fluid of an adult suffering from meningitis (23) . In studies on bacterial invasion and subsequent proliferation in an enterocytic cell line, Gaillard and colleagues (7) (21) . This distinction appears to be supported by the DNA hybridization data of Mengaud et al. (20) , who found no homology to L. ivanovii strains. However, the region most strongly conserved among listeriolysin, streptolysin, and pneumolysin was not present on the probe that they used.
The hemolytic activity expressed by many clinical isolates of L. monocytogenes is generally low and difficult to detect in vitro, but it can be quantified by previously described procedures (24 gene in both these species. These results were further substantiated by the detection of a 60-kilodalton (kDa) polypeptide in the supernatants of both strains by using affinity-purified antisera to L. monocytogenes listeriolysin. This study therefore provides, for the first time, both genetic and biochemical evidence for the presence of listeriolysin in L. ivanovii and L. seeligeri. As expected, listeriolysin was absent in all other species of Listeria.
MATERIALS AND METHODS
Bacterial strains. The Listeria strains used in this study and their relevant properties are given in Table 1 . The L. monocytogenes serotype 1/2a strain EGD, which was obtained from S. H. E. Kaufmann, was used in the construction of the gene library. Escherichia coli DH5a (endAl hsdRJ7 supE44 thi-l recAl gyrA96 relAI) was used in the construction of the gene bank. The plasmid cloning vector pUC18 has been previously described (27) .
Media and reagents. Listeria spp. were cultured in brain heart infusion broth (Difco Laboratories, Detroit, Mich.) at 37°C. E. coli strains were grown in LB at 30°C unless specified otherwise. Antibiotic supplements were used as described previously (19) . Blood agar base (Oxoid Ltd., London, England) plates containing 5% defibrinated human or sheep blood were used to detect hemolytic activity (12 were inoculated in 10 to 20 ml of the same medium and incubated at 37°C for 8 to 10 h. Samples of 1 ml of the various cultures were then centrifuged at 10,000 x g for 10 min at 4°C; and the clear supernatant, which was supplemented with 10 mM dithiothreitol (DTT), was assayed for hemolytic activity as described previously (24) . The concentration of sheep erythrocyte suspension was adjusted to give an A540 of 0.8 at the time of complete lysis. The hemolytic activity titer is expressed in minimal hemolysis units, defined as the reciprocal of the highest dilution at which hemolysis was detected.
For E. coli recombinants overnight cultures were concentrated 10-to 20-fold in phosphate-buffered saline (PBS) buffer (pH 6.0). After the addition of lysozyme (10 mg/ml) and incubation at room temperature for 30 min, -they were subject to three cycles of freezing and thawing. The lysates were then centrifuged (10,000 x g, 10 min) at 4°C, and 50 RI of the supernatant was serially diluted in PBS and used in the determination of the hemolysin titer. buffer, which was boiled for 3 min before it was loaded onto a polyacrylamide gel.
Analysis of all samples were performed by polyacrylamide gel electrophoresis in 12.5% polyacrylamide gels in the presence of SDS. For immunoblot reactions, proteins were transferred to nitrocellulose paper and reacted with affinitypurified anti-listeriolysin antibody (1:5), followed by a second linking antibody capable of binding both the primary antibody and the subsequently added peroxidase-anti-peroxidase complex. Blots were developed with 4-chloro-1-naphthol (0.4 mg/ml) and 0.015% hydrogen peroxide.
Affinity purification of anti-listeriolysin antibodies. Supernatants from the hyperhemolytic strain L. monocytogenes SLCC 5764 were precipitated with TCA and prepared as described above before they were run on preparative SDSpolyacrylamide gels. Proteins were detected, after transfer of the proteins to nitrocellulose paper, with Ponceau S. The strip corresponding to listeriolysin polypeptide was excised and washed twice in PBS for 5 min each time, and nonspecific binding sites were blocked with 3% bovine serum albumin in PBS. This was then incubated with rabbit polyclonal antisera to purified listeriolysin from L. ivanovii at a 1:100 dilution. Bound antibodies were eluted with 1 ml of 0.2 M glycine hydrochloride (pH 2.2) for 5 (18) . Since the hemolytic phenotype of L. monocytogenes EGD is weak, the listeriolysin gene from this strain may not be expressed in the heterologous host, or despite its expression, the hemolytic phenotype is not imparted in E. coli.
In a separate study, we used antiserum directed against the soluble antigen of L. monocytogenes to screen the same gene bank for potentially immunologically relevant antigens expressed during listerial infections (M. Leimeister-Wachter and T. Chakraborty, manuscript in preparation). Given the role of listeriolysin in the induction of T-cell-mediated immunity in susceptible hosts, we reasoned that the listeriolysin gene would be represented in this preselected library of 49 recombinants. Therefore, Western blotting (immunoblotting) of individual clones was used to screen for antigens showing a cross-reaction to either anti-SLO or anti-listeriolysin antisera. Two recombinants, designated pLM47 and pLM48, were found to produce a polypeptide of 60 kDa which cross-reacted with both antisera. These recombinants were rescreened for the hemolytic phenotype on blood agar plates; no hemolytic zones were obtained even after 3 days of incubation.
Characterization of recombinants harboring the listeriolysin gene. Plasmids pLM47 and pLM48 were found to have Listeria DNA inserts of 4.6 and 3.5 kb, respectively (Fig. 1) . Restriction mapping of the inserts showed that they have an overlapping region of 2.9 kb. The restriction sites mapped within this common region are identical to the restriction sites derived from the sequenced listeriolysin gene from a strongly hemolytic L. monocytogenes serotype 1/2c strain Table 2 . The blot was developed with rabbit antisera against L. ivanovii listeriolysin used at a 1:1,000 dilution. Ml, M3, and M20 are various nonhemolytic mutants of the parental strain L. monocytogenes SLCC 5764 (12) . WT, Wild type; KD, kilodaltons. (20) . Despite the inability of the recombinants to express the hemolytic phenotype on blood agar plates, hemolytic activity could be detected in concentrated cell extracts of strains harboring either plasmid (Table 2 ). This activity was highest when strains were cultured at 30°C and assays were performed in PBS buffer (pH 6.0). It could also be inhibited by the addition of cholesterol. When recombinants were grown at 37°C, a significant drop in the hemolytic titer was observed. Immunoblotting of cell lysates obtained from cultures grown at either temperature indicated that despite low hemolytic titers, expression of the listeriolysin gene was greater at the higher temperature (Fig. 2) . The hemolytic activity expressed by recombinants harboring pLM47 was higher than in those containing pLM48 under all conditions tested, suggesting that the proximity of the listeriolysin gene in pLM47 to the lac promoter of the vector pUC18 might be responsible for this higher activity. a Cholesterol and DTT were used at final concentrations of 5 ,ug/ml and 10 mM, respectively. The hemolytic titer is expressed in MHU (see footnote a to Table 1 ).
probes used in this analysis are depicted in Fig. 3 . (ii) Analysis of genomic DNA of Listeria by Southern hybridization with hlyA probes. A total of 13 strains comprising all known species of Listeria were used in this study. A list of the strains used in this study and their hemolytic phenotypes are depicted in Table 1 . In the analysis described, genomic DNAs of all strains were isolated and digested with the restriction endonuclease HindIII. The 0.8-kb BamHI probe that was made up entirely of sequences upstream of the listeriolysin gene was found to hybridize to all L. monocytogenes strains irrespective of serotype, as well as to the L. seeligeri and L. ivanovii strains. Two distinct patterns of hybridization were obtained with L. monocytogenes strains. While serotype 1/2a strains showed two HindIlI fragments of 1.5 and 0.7 kb, respectively, the 1. monocytogenes, L. seeligeri, and L. ivanovii. As before, serotype 1/2a strains could be distinguished from serotype 3a and 4b strains on the basis of their hybridization patterns. However, the homology detected by this probe to the 2.7-kb and, to a lesser extent, the 2.3-kb HindlIl fragments in L. seeligeri and the 2.1-, 0.75-, and 0.7-kb HindIlI bands in L. ivanovii was unexpected (Fig. 4B) . Also, under the conditions used, no hybridization signals to plasmid pMK157 were obtained, this plasmid harbors the streptolysin 0 gene from Streptococcus pyogenes (15) , suggesting the conservation of sequences homologous to the listeriolysin gene in L. ivanovii and L. seeligeri. This result was further confirmed by hybridization with probe 3, which consisted entirely of sequences within the listeriolysin gene (Fig. 5A ). L. ivanovii showed hybridization to a 2.1-kb HindlIl fragment which (Fig. 5A) . In L. monocytogenes SLCC 4013 serotype 4b, a 1.7-kb Hindlll fragment was seen in place of the 1.3-kb fragment (data not shown). Hybridization to these 1.3-and 1.7-kb HindIII fragments were also seen with probe 5, which consisted entirely of sequences downstreanm of the listeriolysin gene. As was previously observed with DNA probes 1 and 2, the hybridization patterns for L. monocytogenes serotype 1/2a strains were identical, but they were distinct from those observed with strains serotypes 3a and 4b (Fig. 5B) (15) No hybridization was detected with any of the DNA probes described to other species of the genus Listeria and Enterococcus faecalis.
A summary of the Southern hybridization data is given in Table 3 .
Detection of the listeriolysin polypeptide in Listeria spp.
Results of the DNA hybridization analysis presented above indicated the presence of highly homologous listeriolysin genes in the species L. monocytogenes, L. ivanovii, and L. seeligeri. We then attempted to detect listeriolysin in these species by using affinity-purified antibodies to listeriolysin.
To improve the sensitivity of detection, we used a second linking antibody that was capable of binding to both the primary antibody and the subsequently added peroxidaseanti-peroxidase complex. The main finding in this study was the detection of sequences homologous to the listeriolysin gene of L. monocytogenes in the species L. ivanovii and L. seeligeri. Homology was detected with probes harboring sequences 5' to the hlyA gene and to sequences within the structural gene itself. The absence of homology to a DNA probe encoding sequences 1400 bp downstream of the L. monocytogenes hlyA gene provide an internal control for the hybridization conditions used and indicate that genes unique to L. monocytogenes are located downstream of the hlyA gene. The detection of homology to the L. monocytogenes hlyA gene coupled to the immunological detection of a cross-reactive 60-kDa protein in both L. ivanovii and L. seeligeri is strong evidence for the presence of listeriolysin in these species.
The results obtained in this study do not agree with results of a previously published report on the presence of two listeriolysins in pathogenic Listeria spp. (21) . In that study, antiserum raised against partially purified listeriolysin was used, and the quality of the antiserum obtained may have affected the interpretation of the data. The genetic and immunological data on the relatedness of listeriolysins in L. monocytogenes, L. ivanovii, and L. seeligeri and on the absence of listeriolysin in other nonhemolytic Listeria spp. reported in this study indicate that the hemolytic activity observed in these three species can be attributed to the gene encoding listeriolysin. Also, the immunological relatedness of listeriolysin in clinical isolates of L. monocytogenes (2) and L. ivanovii has been demonstrated recently (16 
